occur during the acute and subacute stages of ICH (4, 6, 21) . At low and intermediate field strengths ranging from 0.02 to 0.5 T, several investigators (1, 6, (15) (16) (17) have described basically similar SI patterns in hemorrhages. It has been reported, however, that certain features of ICHs, such as a central area of hypointensity in acute lesions and a parenchymal rim of hypointensity on late to chronic lesions on T2-weighted MR images, can be demonstrated only at field strengths of 1.0 T or higher and have different appearances when they are imaged at field strengths of 0.5-0.6 T (central area of hypointensity) and 1.5 T (parenchymal rim of hypointensity) (4, 21, 22) .
To our knowledge, only two case reports (23, 24) have described MR imaging of subacute ICH at field strengths higher than 1.5 T. The investigators noticed that structures containing iron had an increased sensitivity to susceptibility effects coincidentally as a secondary finding at stroke imaging at a very high field strength of 8 T (23, 24) .
A new generation of whole-body MR imaging units with field strengths of 3.0 T is increasingly becoming available for routine imaging and is currently undergoing clinical evaluation. Therefore, the purpose of our study was to assess and describe the appearances of acute and subacute ICHs at 3.0-T high-field-strength MR imaging as compared with the appearances of these lesions at 1.5-T MR imaging.
MATERIALS AND METHODS

Patients
Our study was approved by the institutional review board, and written informed consent was obtained from the patients or their legal guardians.
From July 2002 to October 2002, 16 consecutive patients (age range, 6 -77 years; mean age, 42 years) with typical findings of parenchymal ICH that was diagnosed and staged by using clinical findings and computed tomography (CT) were examined. Ten patients were male (age range, 6 -77 years; mean age, 41 years), and six were female (age range, 31-49 years; mean age, 43 years). No significant differences in mean age between the two groups (P Ͼ .05, Mann-Whitney U test) were observed. Because the appearance and development of hemorrhages also depend on the size and location of these lesions, only intraparenchymal lesions with a maximum diameter of 1.5-5.0 cm, as determined at CT, were evaluated; neither subarachnoid nor intraventricular lesions were studied. In total, 21 ICHs aged 24 hours to 1 month were included in this study. Three patients had two ICHs each, and one patient had three separate ICHs (Table 2) .
The clinical age of ICH was based on the period between MR imaging examination and the start of bleeding, which was considered to be on the day of the onset of symptoms or on the day of the last relevant clinical event (eg, surgery). ICHs were classified as hyperacute (age, Յ24 hours), acute (age, between 24 hours and up to 3 days), early subacute (age, 3-7 days), late subacute (age, between 8 days and 1 month), or chronic (age, Ͼ1 month) (3,18 -20) .
MR Imaging
Each patient underwent two MR imaging examinations (Gyroscan Intera; Philips Medical Systems, Best, the Netherlands)-one at a field strength of 1.5 T and the other at a field strength of 3.0 T-within 4 hours of each other. The initial field strength (1.5 or 3.0 T) was randomly selected. The imaging protocol consisted of T2-weighted fast spin-echo, fluid-attenuated inversion-recovery (FLAIR), and T1-weighted spin-echo and gradient-echo pulse sequences. Specific imaging parameters were as follows:
T2-weighted MR imaging.-T2-weighted fast spin-echo sequences were performed at 1.5 and 3.0 T identically by using 4000/90 (repetition time msec/echo time msec), a section thickness of 6 mm with an intersection gap of 1 mm, an echo train length of 15 echoes per echo train with an interecho time of 11.2 msec, and a matrix of 384 ϫ 512 at a field of view of 250 mm. The water-fat shift was set to 1.25 pixels and kept constant at 1.5 and 3.0 T to ensure comparability of the susceptibility-induced effects (25) ; this setting resulted in bandwidths of 174 Hz per pixel at 1.5 T and 348 Hz per pixel at 3.0 T. The acquisition time (with two signals acquired) was 4 minutes 24 seconds at both field strengths.
FLAIR MR imaging.-FLAIR sequences were performed at 1.5 and 3.0 T identically by using 8000/120/2500 (repetition time msec/echo time msec/inversion time msec), a section thickness of 6 mm with an intersection gap of 1 mm, an echo train At 3.0 T, owing to substantially prolonged T1 relaxation times, gradientecho rather than spin-echo sequences were used for T1-weighted MR imaging to ensure adequate image contrast, which decreases with increasing field strength (26) . To avoid potential susceptibility artifacts, the echo time was set to 2.3 msec, the lowest value possible. The other imaging parameters used were a 222-msec repetition time, an 80°flip angle, a 6-mm section thickness with a 1-mm intersection gap, a 384 ϫ 512 matrix, and a 250-mm field of view. The acquisition time (with four signals acquired) was 2 minutes 57 seconds.
Image Analysis
Qualitative and quantitative analyses of SI score and contrast-to-noise ratio.-To determine the age of an ICH correctly, separate analyses of the core and the body of the lesion are required (21) . The body of an ICH was defined as the bulk of the lesion volume central to the lesion margin, whereas the core of a lesion was defined as any central portion that contrasted with the lesion body on MR images (21) .
Images of each ICH were presented in random order, with the imaging parameters masked, and evaluated in consensus by two board-certified radiologists (T.A., B.T.). Both radiologists had more than 10 years of experience in interpreting brain MR images and were blinded to the clinical and imaging data. For each pulse sequence performed at each field strength, the SIs of the core and body of the lesion were compared with the SI of the adjacent normal white matter, and a numerical value of Ϫ2, Ϫ1, 0, ϩ1, or ϩ2 was assigned to indicate marked hypointensity, mild hypointensity, isointensity, mild hyperintensity, or marked hyperintensity, respectively.
One observer (T.A.) quantitatively analyzed each ICH by using SI measurements in the core and body of the lesion that were obtained by using regions of interest drawn as large as possible. Regions of interest were placed at identical locations in each lesion at 1.5 and 3.0 T MR imaging. SI measurements were also performed in the adjacent normal white matter, which was used as the reference tissue. Background noise was measured in the phase-encoding direction with regions of interest drawn as large as possible. Each SI measurement was obtained three times by repeating measurements in adjacent sections. Contrast-to-noise ratios (CNRs) were calculated with signs to indicate a hyperintense (positive CNR) or hypointense (negative CNR) appearance, the determination of which is important for the correct staging of an ICH. However, for lesion detection, only the absolute values-not their signs-are important. The signed CNR of each lesion was calculated by using the following formula:
The absolute CNR of each lesion was calculated by using the following formula:
In both equations, SI les is the SI of the lesion; SI ref , the SI of the reference tissue; and SD noise , the standard deviation of the background noise.
Qualitative analysis of susceptibility-induced artifacts.-The two readers (T.A., B.T.) also judged the degree of apparent susceptibility artifacts in a lesion by assigning in consensus a numerical value of 0, meaning no artifacts; 1, meaning mild artifacts; or 2, meaning severe artifacts. Irregularly shaped hypointense streaks combined with SI inhomogeneity indicated the presence of mild susceptibility artifacts, whereas noticeable geometric distortion and even greater SI inhomogeneity within the core or body of a lesion indicated the presence of severe susceptibility artifacts.
Qualitative analysis of lesion age.-FLAIR, T2-weighted, and T1-weighted MR images of each lesion were presented simultaneously in random order of field strength with the imaging parameters masked. The readers (T.A., B.T.) had to determine in consensus the age of a lesion according to its SI on T2-and T1-weighted images at field strengths of 1.5 and 3.0 separately. The stages of the ICHs were determined (Table 1) , and numerical values for the different stages were assigned: 1 for hyperacute, 2 for acute, 3 for early subacute, 4 for late subacute, and 5 for chronic stage.
Qualitative image analysis, analysis of susceptibility-induced artifacts, and qualitative analysis of lesion age were performed at the same time. To avoid potential memory bias, quantitative image analysis was performed 3 months later.
Statistical Analyses
During the design of the study, a power analysis was performed by using preliminary SI measurements obtained in three test patients with acute ICH who were not included in the final study population. For the central parts of the ICHs, the mean SI differences between field strengths of 1.5 and 3.0 T at FLAIR and T2-weighted MR imaging were more than twofold greater than their standard deviations. Therefore, a minimum of five lesions were considered appropriate for an intended power of 0.8 or greater (P Յ .05) at subsequent power analysis.
Statistical analyses of SI scores, susceptibility artifacts, and lesion age were performed by using the 2 test to determine statistically significant differences between 1.5-and 3.0-T MR imaging. Lesion CNRs were analyzed by using the Wilcoxon signed-rank test (27) . A P value of less than or equal to .05 was considered to indicate statistical significance. The software used to perform the statistical analyses was SPSS, version 11.0 (SPSS, Chicago, Ill). Power analysis was performed by using in-house software (medweb.uni-muenster.de/institute/imib/ lehre/skripte/biomathe/bio/fallz.html, Institut für Medizinische Informatik und Biomathematik, University of Muenster, Muenster, Germany).
RESULTS
Qualitative and Quantitative Analyses of SI Scores and CNRs
CNRs of the bodies and cores of ICHs at each stage and at both field strengths, as qualitatively calculated by the two readers, are listed in Table 3 , and the corresponding SI scores are illustrated in Figure 1 . Separate analyses for the bodies and cores of lesions were performed with all sequences. Figures 2 and 3 are image examples.
At 3.0-T T2-weighted MR imaging, signed CNRs and SI scores for all parts of the ICHs at all stages-except the bodies of lesions imaged during the late subacute stage, which had increased signed CNRs and SI scores at 3.0 T-were lower than the corresponding values at 1.5-T T2-weighted MR imaging (Table 3 ; Fig 1a;  Fig 2, A, B; Fig 3, A, B) . Maximum absolute CNRs for all parts of the ICHs at all stages-except the bodies of lesions imaged during the late subacute stage, which showed a maximum absolute CNR at 1.5 T-were measured at 3.0-T MR imaging.
Significant differences in signed CNR, absolute CNR, and SI score between 1.5-and 3.0-T MR imaging were observed in all parts of the ICHs during the early subacute stage and in the lesion cores during the acute stage (P Յ .05). Maximum differences in signed and absolute CNRs between 1.5-and 3.0-T MR imaging were observed in ICH cores during the acute stage. The bodies of acute and early subacute ICHs were hypointense on 3.0-T T2-weighted MR images, differing significantly from the ICH bodies seen on 1.5-T T2-weighted MR images, which were isointense to hyperintense during this stage (P Յ .05) (Fig 1a) .
With use of the FLAIR sequences at the higher field strength of 3.0 T, all parts of the depicted ICHs at all stages had lower signed CNRs and SI scores compared with their CNRs and SI scores at 1.5 T (Table 3 ; Fig 1b; Fig 2, C, D; Fig 3, C, D) . Maximum absolute CNRs were measured for the bodies and cores of acute ICHs and for the cores of early subacute lesions at 3.0 T, whereas the bodies of early subacute lesions and all parts of late subacute lesions showed maximum absolute CNRs at 1.5 T. Significant (P Յ .05) differences in signed CNR, absolute CNR, and SI score between the two field strengths were observed for all parts of acute and early subacute ICHs. Differences in maximum signed CNR and absolute CNR between 1.5-and 3.0-T MR imaging were observed in the bodies of early subacute lesions. The bodies of acute and early subacute ICHs were hypointense on 3.0-T FLAIR MR images, differing significantly from the ICH bodies depicted on 1.5-T FLAIR MR images, which were hyperintense during this stage (P Յ .05) (Fig 1b) . At T1-weighted MR imaging, no significant differences in signed CNR, absolute CNR, or SI score (P Ͼ .05) at any investigated stage of ICH-whether the core or the body of the lesion-were observed between spin-echo images acquired at 1.5 T and gradient-echo images acquired Fig 1c; Fig 2, E, F; Fig 3,  E, F) .
Qualitative Analysis of Susceptibility-induced Artifacts
Neither FLAIR and T2-weighted fast spin-echo MR sequences performed at 1.5 and 3.0 T nor T1-weighted spin-echo sequences performed at 1.5 T yielded noticeable susceptibility artifacts. T1-weighted gradient-echo MR images obtained at 3.0 T showed minor susceptibility artifacts in acute and early subacute ICHs (mean score Ϯ standard deviation: 0.8 Ϯ 0.4 during acute stage, 0.3 Ϯ 0.5 during early subacute stage) (Fig 4) .
Qualitative Analysis of ICH Age
The ages of most of the ICHs were correctly determined at 1.5-and 3.0-T MR imaging (Table 4) , without significant differences (P Ͼ .05) between the two field strengths. However, one acute lesion was classified as early subacute at 1.5 T. In addition, three acute and two late subacute lesions were misinterpreted as early subacute at 3.0 T.
DISCUSSION
Acute and subacute ICHs undergo rapid and complex SI changes, which are influenced by intrinsic, biologic, and extrinsic factors (18) . The contributing intrinsic and biologic factors include the time from the onset of ICH; the source, size, and location of the lesion; the effects of paramagnetic forms of hemoglobin; the clot matrix formation; the red blood cell concentration; the PO 2 ; the arterial versus venous origin of the lesion; the tissue pH; the intracellular protein concentration; the presence or absence of a blood-brain barrier; and the patient's overall health. Extrinsic factors that affect the appearance of ICH include the pulse sequence type, the sequence parameters, the receiver bandwidth, and the applied magnetic field strength (18) .
When MR imaging systems with operating field strengths of 1.0 -1.5 T-previously referred to as high-field-strength units-were introduced, the intrinsic and extrinsic factors that contribute to SI changes of ICH were extensively investigated in vitro and in vivo (1,2,4 -9) . It was shown that especially the central area of hypointensity in ICHs, which has been described as the most critical factor in the detection of these lesions (22) , was depicted only at field strengths higher than 1.0 T. As proved in vitro, this appearance increases quadratically with magnetic field strength (4, 19) .
Whole-body MR imaging units with field strengths of 3.0 T have recently become available for routine imaging and are currently undergoing clinical evaluation. Because the appearance of ICH is influenced by several mechanisms that mainly depend on the magnetic field strength, the investigation of ICH at 3.0 T may help to improve knowledge about the MR imaging appearance of this lesion and to clarify the potential further mechanisms that lead to altered SI. At 1.5 T, our CNR calculations and reader observations of SI were associated with the same patterns on T2-and T1-weighted MR images of acute, early, and late subacute ICHs, as initially described by Gomori et al (4) , and are in excellent accordance with the findings in previous studies (3, 18) . At 3.0 T, the cores and bodies of acute and early subacute ICHs were markedly hypointense on FLAIR and T2-weighted MR images. The hypointensity of early subacute ICH bodies decreased but remained at 3.0 T, differing significantly from the bodies of lesions imaged at 1.5 T, which were hyperintense during this stage on FLAIR and T2-weighted MR images.
In contrast to the findings described in previous reports comparing 0.6-and 1.5-T field strengths (22) , the hypointense areas seen on FLAIR and T2-weighted MR images of acute and early subacute ICH cores in the current study persisted similarly at the two field strengths, and the mean negative CNR and mean SI score observed at 1.5 T were improved at 3.0 T. However, the mean positive CNR and mean SI score for late subacute ICHs were lower compared with these values at 1.5 T.
The hypointense areas seen on T2-weighted MR images during the acute and early subacute stages are caused by phase coherency loss of water molecules diffusing in and out of intact red blood cells that contain magnetic susceptible substances such as deoxyhemoglobin or methemoglobin (3, 14, 20) . Because susceptibility effects depend on field strength, at 3.0 T, apparently minimal amounts of intracellular de- oxyhemoglobin or methemoglobin are required to evoke these effects and cause hypointensity or even reduce SI. Increased positive CNRs and SI scores for the bodies of early and late subacute ICHs at 1.5 T are caused by beginning red cell lysis, which starts peripherally owing to intrinsic tissue factors (28) and higher oxygen levels, which are required for the oxidization of deoxyhemoglobin to methemoglobin (3). As lysis occurs, the T2 shortening that has resulted from the compartmentalization of methemoglobin is lost. In addition, the high water content of the lysed red blood cells leads to an increase in proton density and in SI at the hemorrhage periphery on T2-weighted MR images.
At 3.0 T, obviously greater amounts of extracellular methemoglobin and higher water contents are required to prevent susceptibility-induced effects and to alter the CNR and the SI score for the periphery of an early subacute ICH so as to result in hyperintensity on FLAIR and T2-weighted MR images. In the current study, however, the mean CNR and the mean SI score for the bodies of late subacute lesions indicated disparate changes. At 3.0-T MR imaging, the mean CNR and the mean SI score were higher on T2-weighted images but lower on FLAIR images as compared with these values at 1.5-T MR imaging. Such findings are probably caused by the increased content of free water that is undergoing fluid attenuation (18, 29) .
The different appearances of acute and early subacute parenchymal ICHs at 1.5-and 3.0-T MR imaging were also reflected in the results of the qualitative analysis of lesion age. The acute ICHs that were correctly graded at 1.5 T were more often judged to be "acute or early subacute" at 3.0 T because of their markedly hypointense appearance at higher field strengths. However, these differences were not significant (P Ͼ .05) in our patient population. Because determination of the age of early subacute ICHs requires both T1-and T2-weighted MR imaging, no significant difference (P Ͼ .05) between the two field strengths was observed in the staging of these lesions. The hyperintense body of early subacute lesions on T1-weighted MR images in combination with an isointense to hypointense core always pointed toward the correct diagnosis of early subacute ICH at either field strength. Despite this, it was sometimes striking to the observers when an early subacute lesion with a hyperintense periphery on T1-weighted MR images was markedly hypointense in all areas on T2-weighted MR images.
Despite the different techniques used to perform T1-weighted MR imaging (ie, 1.5-T spin echo and 3.0-T gradient echo), no significant differences were observed between 1.5-and 3.0-T T1-weighted imaging. The mean CNR and mean SI score at 3.0 T did not change significantly in comparison to those observed at 1.5 T. Therefore, field strength did not affect the rate or degree of development of hyperintensity on T1-weighted MR images. These results correspond to findings observed in previous studies (21, 22) . Because the paramagnetic T1 shortening caused by methemoglobin is supposed to inversely vary with field strength, the formation of methemoglobin is expected to be better demonstrated at 1.5 T (21). Despite this, an increased signal-to-noise ratio at 3.0 T may explain the lack of differences in the depiction of methemoglobin between 1.5-and 3.0-T MR imaging. Our study had several limitations. The pathologic verification of ICH was incomplete. Tumor-induced ICH was confirmed pathologically in only two of four patients. However, a strong history of neurologic deterioration after either trauma or anticoagulant therapy and the presence of characteristic CT findings enabled confident diagnoses of ICH.
No hyperacute ICHs (aged a few minutes up to a few hours) were evaluated because, to ensure that conditions were sufficient to compare ICHs at either field strength, the time interval between the 1.5-and 3.0-T examinations could not be shortened. Because the most complex SI changes occur during the acute and subacute stages of ICH at field strengths of 0.5-1.5 T (4,6,21), no chronic parenchymal ICHs were included in our study. However, considering our results and those of previous studies, it would have been revealing to also investigate the specific appearance of hemosiderin deposits in this lesion type. Seidenwurm et al (21) noticed significant differences in the appearances of chronic ICHs at 0.5-and 1.5-T MR imaging. Therefore, the depiction of even further increased and probably prolonged hypointensity of chronic ICHs at 3.0 T would be expected.
Furthermore, no serial investigations were performed at different field strengths in this study because most of the patients with acute or subacute ICH were seriously ill and often required intensive care. Therefore, the acute, early subacute, and late subacute ICH groups consisted of more or less heterogeneous populations of lesions that differed in size, location, origin (arterial vs venous), and cause. These differences reduce the comparability of observed SIs between different ICH stages and impair the exact assessment of lesion progression during the course of time. The question of whether there would have been significant differences in the determination of the ages of acute and early subacute lesions between the two field strengths in a larger patient population also remains.
It has been reported that gradient-echo and spin-echo MR imaging sequences have higher sensitivity to susceptibilityinduced effects, which are required to detect and correctly stage ICH, than do fast spin-echo sequences (21, 30, 31) , and it remains unclear whether the use of these sequences would have revealed even greater differences between the two field strengths. Despite this, fast spin echo is currently the sequence of choice for routine clinical imaging. Furthermore, our study was not focused on the sensitivity of the detection of small degrees of parenchymal ICH, but rather it was focused solely on the CNR and SI characteristics of ICHs seen at 1.5-and 3.0-T MR imaging in the clinical setting. Therefore, only fast spin-echo-and no gradient-echo or spin-echo sequences-were used for T2-weighted imaging.
Finally, the quantitative and qualitative analyses were performed by the same observer (T.A.) and thus were possibly impaired by memory bias in terms of remembered ratings, which could not be excluded with absolute certainty. However, the qualitative analysis was performed 3 months after the quantitative analysis (by T.A. and B.T.). We believed that this time interval was long enough to reduce the potential memory bias to a negligible level.
In summary, despite the fact that all parts of the depicted acute and early subacute ICHs had significantly increased hypointensity on 3.0-T FLAIR and T2-weighted MR images, the images obtained at 1.5 and 3.0 T were equivalent in the determination of the ages of acute to late subacute ICHs. According to our findings, knowledge of the image characteristics of ICHs at 1.5 and 3.0 T is required to compare and correctly appreciate the progression of these lesions.
